Restless Legs Syndrome (RLS), first chronicled by Willis in 1672 and described in more detail by Ekbom in 1945 [1], is a prevalent sensorimotor neurological disorder (5%-10% in the population) with a circadian predilection for the evening and night. Characteristic clinical features also include a compelling urge to move during periods of rest, relief with movement, involuntary movements in sleep (viz., periodic leg movements of sleep), and fragmented sleep [2, 3] . Although the pathophysiology of RLS is unknown, dopaminergic neurotransmission and deficits in iron availability modulate expressivity [1, [4] [5] [6] [7] [8] [9] . Genome-wide association studies have identified a polymorphism in an intronic region of the BTBD9 gene on chromosome 6 that confers substantial risk for RLS [2, 3, [10] [11] [12] . Here, we report that loss of the Drosophila homolog CG1826 (dBTBD9) appreciably disrupts sleep with concomitant increases in waking and motor activity. We further show that BTBD9 regulates brain dopamine levels in flies and controls iron homeostasis through the iron regulatory protein-2 in human cell lines. To our knowledge, this represents the first reverse genetic analysis of a ''novel'' or heretofore poorly understood gene implicated in an exceedingly common and complex sleep disorder and the development of an RLS animal model that closely recapitulates all disease phenotypes.
A number of genetic loci confer risk for Restless Legs Syndrome (RLS), including a SNP marker (rs3923809) in the gene BTBD9 that accounts for approximately 50% of the population-attributable risk [11] [12] [13] [14] [15] [16] . To confirm these findings and test the hypothesis that BTBD9 regulates sleep fragmentation, we examined the behavioral and metabolic consequences of disrupting BTBD9 function both in Drosophila and in human cell lines. BTBD9 is expressed widely in the mammalian nervous system and in human embryonic kidney (HEK) cell lines (Figures 1A and 1B) and is a predominantly cytosolic protein ( Figures 1C and 1H-1K) . A survey throughout the rat central nervous system (CNS) reveals a widespread, yet specific, staining pattern for BTBD9 in circuits that regulate motor activity, memory, and emotion (Figures 1I-1K ; see also Figure S1A available online). CNS expression is conserved in the Drosophila homolog dBTBD9 (CG1826) as seen with RT-PCR analysis of dBTBD9 messenger RNA (mRNA) and whole head western blots ( Figures 1D and 1E ). In the absence of reliable antibodies for dBTBD9 immunohistochemistry, we followed transgenically expressed FLAG-tagged full-length dBTBD9 and visualized Drosophila BTBD9 as distinct puncta in neuronal cytoplasm ( Figure 1L ; Figure S1B ). Taken together, these results suggest that BTBD9 is a cytosolic protein that is widely expressed in the nervous system.
We hypothesized that BTBD9 belongs to a family of BTB domain-containing substrate adaptors for the cullin-3 (Cul-3) class of E3 ubiquitin ligases [17] because homology modeling of both human and fly BTBD9 on the crystal structure of the MATH-BTB protein SPOP revealed the presence of a Cul-3 binding ''3-box'' motif [18] ( Figure 1G ). Consistent with this idea, FLAG-tagged dBTBD9 shows extensive colocalization with Drosophila GFP-tagged Cul-3 in neuronal soma (Figure 1L) . Interestingly, overexpression of dBTBD9 without Cul-3 coexpression resulted in prominent aggregates that disappeared in the presence of excess Cul-3 (Figures 1M and 1N ; Figures S3C and S3D ). These data support BTBD9's function as a Cul-3 adaptor and suggest that stringent stoichiometric ratios between BTBD9 and Cul-3 might be maintained under physiological conditions.
To examine phenotypic consequences resulting from loss of BTBD9, we isolated Drosophila mutants for dBTBD9 by excising a P element transposon inserted 47 base pairs upstream of the dBTBD9 transcription start site (P{SUPor-P} CG1826 KG07859 ) using standard genetic methods [19] . Two excision lines that carried large deletions in the dBTBD9 locus without affecting the adjacent genes Atg8a and CG15211 were selected for analysis ( Figure 2A ). These viable alleles, dBTBD9 wlst1 and dBTBD9 wlst2 (wlst is for ''wanderlust'' because these animals show increased locomotor activity, see below), did not produce any detectable dBTBD9 mRNA ( Figure 1F ) and were designated as null alleles. Both alleles had life spans that were significantly less than the genetically matched precise excision alleles that were used as controls suggesting fitness deficits that result from the loss of dBTBD9 ( Figure S2B ).
Next, we monitored the Drosophila rest-activity cycle in dBTBD9 mutants using the Drosophila Activity Monitor (DAM) [20] [21] [22] . Although the total duration of sleep per 24 hr period did not differ appreciably between control and mutant groups, the average bout lengths were decreased, the number of sleep bouts increased, and the amount of wake after sleep onset (WASO) increased ( Figure 2B ). Together, these phenotypes are emblematic of fragmented night-time sleep in dBTBD9 mutants, as demonstrated in hypnograms from individual flies ( Figure 2D ), which closely parallel the sleep continuity disruptions in RLS patients. These putative dBTBD9 mutations are allelic because they did not complement one another-rather, no sleep phenotypes were observed in heterozygotes ( Figure S2A ). Sleep phenotypes were unequivocally mapped to dBTBD9 because pan-neuronal add back of dBTBD9 (using the elav C155 -GAL4 driver; [23, 24] ) in a null background rescued all sleep phenotypes ( Figure 2B ). Finally, RNAi-mediated knockdown of dBTBD9 mRNA in the nervous system strongly phenocopied dBTBD9 null alleles ( Figure 2C ). These results clearly document sleep fragmentation in dBTBD9 mutants and indicate that neuronal dBTBD9 function *Correspondence: ssanya2@emory.edu is required for normal sleep architecture and consolidation in Drosophila.
A key endophenotype of RLS is the presence of periodic limb movements (PLMs) in patients both during wakefulness and sleep [11, [25] [26] [27] . To evaluate motor behavior in dBTBD9 mutants, we measured flight and negative geotaxis, but these were normal ( Figure S2C ) [28] . However, when mutant flies were enclosed within a restricted space, they were hyperlocomotive ( Figure 2E ; Movie S1). This phenotype bears an uncanny resemblance to the ''restlessness'' observed in RLS patients asked to remain immobile in the ''suggested immobility test'' (SIT) [29] . Next, we turned to the visuomotor Buridan's assay [30] to measure locomotion with greater analytical power. Such experiments revealed that mutant flies walked at the same speed as controls but spent more time moving with fewer pauses ( Figures 2F and 2G ), resulting in longer uninterrupted bouts of walking. These experiments demonstrate that loss of dBTBD9, although not affecting general locomotion, upregulates the duration of motor activity, recapitulating the motor restlessness in RLS patients that ultimately impairs sleep consolidation.
How does BTBD9 regulate sleep? Clinical information on RLS suggests aberrant dopamine signaling and iron homeostasis in RLS [3, [31] [32] [33] [34] . In the mammalian brain, BTBD9 is strongly expressed in dopaminergic neurons of the substantia nigra and A11 neurons ( Figure 3C ). Although we could not determine dBTBD9 expression in fly dopaminergic neurons, RNAi-mediated knockdown of dBTBD9 in large subsets of dopaminergic neurons (using either the tyrosine hydroxylase (TH) or HL9-GAL4 driver; [35, 36] ) reproduced dBTBD9 mutant sleep fragmentation phenotypes ( Figures 3D  and 3E ). This is consistent with expression of these two GAL4 drivers in dopaminergic neurons that are presumed to control locomotion [36] . Interestingly, we did not observe similar fragmentation when dBTBD9 was knocked down in a more restricted subset of dopaminergic neurons using the HL5-GAL4 line, a domain that does not influence ethanolinduced hyperactivity [37] (Figures 3D and 3E ). Therefore, either BTBD9 mediates sleep phenotypes by altering neurotransmission in a small group of dopaminergic neurons targeted by both TH and HL9-GAL4, or dBTBD9 knockdown in a substantial number of dopaminergic neurons is required to induce sleep fragmentation. Given the central role of dopamine in sleep and arousal, we assessed dopamine levels in mutant and control fly brains using high-performance liquid chromatography (HPLC) measurements. We found (N) CNS of a fly expressing both dBTBD9 and Cul-3, (inset shows enlarged view). Scale bar represents 100 mm (see also Figure S1 ). Figure S2 and Movie S1). a 50% reduction in total dopamine that further affirmed a mechanistic link between dBTBD9 and dopamine ( Figure 3B) . A parsimonious explanation for reductions in dopamine includes reductions in TH, the rate-limiting enzyme in dopamine biosynthesis, but this was not observed in dBTBD9 mutants ( Figures S3A and S3B) . However, these results do suggest that a principle mechanism by which BTBD9 modifies motor activity and sleep architecture is by ensuring normal Figure S3 ). dopamine biosynthesis. To test this idea, we augmented dopaminergic neurotransmission by feeding flies the nonergoline dopamine agonist Pramipexole at a concentration of 1mM in normal fly food (Pramipexole preferentially targets dopamine D2-like receptors and is used clinically to treat RLS). Mutant flies treated with Pramipexole for 3 days showed marked improvement in sleep consolidation such that nighttime bout number, bout length, and WASO were all rescued to control levels ( Figure 3A) . Note that the effect of Pramipexole increased incrementally with the duration of feeding (Figure S3C shows the difference in rescue between days 3 and 1 of Pramipexole feeding for controls and dBTBD9 mutants).
Low ferritin levels, reflecting impairments in the mobilization of iron stores, have been associated with RLS and the riskconferring SNP in BTBD9 [10, 11] . Whether these findings implicate an extra-genetic role for iron, or rather, that BTBD9 influences iron metabolism is a critical question that has not been previously addressed [11, 38] . Because investigation of iron metabolism in flies is in its infancy, we turned to HEK cells (which express BTBD9 endogenously) to determine the relationship between BTBD9 and iron storage. Overexpression of BTBD9 in HEK cells increased ferritin expression both under basal conditions and in the presence of the iron chelating siderophore deferoxamine mesylate (DFO) (Figures 4A and  4B) . Mechanistically, the iron-responsive element-binding protein IREB2 or iron regulatory protein-2 (IRP2) inhibits ferritin translation in response to changes in cellular iron, such that iron abundance leads to IRP2 degradation and a resultant (D) Model of BTBD9 function under normal and pathological conditions. BTBD9 acts together with cullin-3 to regulate IRP2 levels in the cell. This in turn controls ferritin expression and iron metabolism. Under normal conditions, BTBD9 inhibits IRP2 and promotes ferritin expression. BTBD9 also maintains dopamine biosynthesis either directly or indirectly through iron, by currently unknown mechanisms. Together, this ensures normal motor drive and sleep consolidation. However, in RLS, loss of BTBD9 leads to increased IRP2, and reduced ferritin, thereby altering iron metabolism. It also negatively impacts dopamine synthesis leading to inappropriate motor activity and sleep fragmentation.
increase in ferritin translation [39] . We therefore tested whether BTBD9 controls levels of IRP2. Western blots in Figure 4C show that both under basal and iron-chelation conditions, BTBD9 reduces IRP2 levels. This observation is consistent with the effect of BTBD9 on ferritin and proffers a pathway by which BTBD9 modulates ferritin levels through regulation of IRP2 ( Figure 4D) . A relationship between BTBD9 and IRP2 also points to strongly conserved genetic and biochemical pathways that are central to a number of physiological contexts and pathological conditions and might also help to identify distinct causalities underlying RLS.
In sum, this study validates the genome-wide association study (GWAS) for RLS by establishing a powerful animal model of RLS in Drosophila based on the genetic risk factor BTBD9. Our results support the idea that genetic regulation of dopamine and iron metabolism constitute the core pathophysiology of at least some forms of RLS ( Figure 4D) . The extent to which this applies to RLS patients and indeed the molecular nature of the human at-risk SNP in BTBD9 remain to be clarified. Together with the recent demonstration that cullin-3 modulates sleep architecture in flies [40] , our results further confirm and highlight the relevance of this pathway in sleep regulation. Finally, this study reiterates the utility of simple model systems such as Drosophila in unraveling the genetics of sleep and sleep disorders and opens up the possibility for querying additional phenotypes that are difficult to decipher in human populations.
Experimental Procedures
Drosophila Husbandry, Stocks, Genetics, and Transgenesis For stock information and genetics, see Supplemental Experimental Procedures. To create UAS-CG1826::FLAG animals, we cloned the CG1826 complementary DNA (cDNA) (DGRC gold clone) into the pENTR/D-TOPO entry vector (Invitrogen) followed by sequence verification and recombination into the pTWF destination vector. Transgenic animals were created by standard embryo microinjection (Bestgene).
Drosophila Sleep Measurements
Sleep measurements were carried out as described previously [20, 21] (for details see Supplemental Experimental Procedures). WASO was calculated as the amount of time the fly was active following the first sleep period after lights off (ZT12) until lights on (ZT0). Statistical significance was determined with an unpaired Student's t test and ANOVA.
Drosophila Locomotor Assays
Restricted Space Three-to 4-day-old flies were individually placed into the polycarbonate tubes used for sleep measurements (TriKinetics) and confined to a space 10 mm in length with cotton plugs. After a 30 min acclimation period, a series of five 1 min videos were recorded with an HD webcam (Logitech.com). Movements were analyzed using the SpotTracker plugin for ImageJ, and total distance traveled for each fly was averaged across the five trials. Buridan's Assay Three-day-old flies were collected and their wings cut close to the thorax. These flies were then allowed to recover for an additional 3 days. Flies were individually placed on a circular platform 10 cm in diameter and surrounded by a moat of water 2 cm in width. Flies normally walked back and forth between two diametrically opposite vertical black bars within a brightly illuminated cylinder. A camera mounted centrally above the platform recorded their movement for a period of 5 min. These recordings were then analyzed using custom designed software from Bjorn Brembs.
HPLC Measurements and Biochemistry
For HPLC measurements, fly heads were dissected from live animals under anesthesia, immediately frozen, and homogenized in chilled 0.1 M perchloric acid. After centrifugation, the supernatant was eluted through a C18 column (ESA) with the mobile phase containing 75 mM NaH 2 PO 4 , 1.5 mM Octanesulfonic acid and 5% Acetonitrile (pH 3.0). Western blotting was carried out following standard procedures (see Supplemental Experimental Procedures). Primary antibody dilutions were as follows: mouse anti-BTBD9 full-length (Abnova B01P, 1:1,000), mouse anti-actin (Millipore, 1:50,000), rabbit anti-ferritin light chain (Abcam, 1:2,000), mouse anti-IRP2 (4G11) (Santa Cruz Biotechnology, 1:1,000), and rabbit anti-TH (Wendi Neckameyer, 1:2,000).
Anatomy, Immunohistochemistry, and Microscopy
Mammalian and Drosophila Neuroanatomy Anatomical experiments were carried out on fixed tissue followed by either brightfield or laser scanning confocal microscopy (see Supplemental Experimental Procedures for details). Antibody dilutions were as follows: mouse anti-BTBD9 1:1,000 (Abnova), mouse anti-Elav 1:25 (DSHB), Phalloidin 543 (Molecular Probes 1:50), rabbit anti-GFP 1:400 (Invitrogen) and rabbit anti-TH (1:1000) (Wendi Neckameyer). Secondary antibody dilutions are as follows: anti-rabbit IgG-Alexa Fluor 488 and 563 (MolecularProbes 1:500), and anti-mouse IgG-Alexa Fluor 488 and 568 (MolecularProbes 1:500).
Statistical Analysis
Unpaired Student's t test and ANOVA were used for statistical analysis of sleep and locomotion data.
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